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A physical model to investigate the melting process around a multiple of heating cylinders
in the presence of the natural convection has been carried out. A numerical code is de-
veloped using an unstructured finite-volume method and an enthalpy porosity technique
to solve for natural convection coupled to solid-liquid phase change. It is found that
during the melting process around the cylinders, natural convection circulation around
each cylinder interacts with the other cylinders to influence the melt shape. In addition to
natural convection, the heat source arrangement is an important factor in determining the
melt shape.
& 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Energy sources will play an important role in the world's future given that the global demand for energy is rapidly
increasing. It is estimated that the consumption of electrical energy will double in the next 15–20 years [1]. Estimates of the
world primary energy consumption are that 80% of the supply is provided by fossil fuels [2]. The primary energy use is
estimated to rise between 32% and 84% by 2050 as compared to 2007 [3]. The greenhouse gas (GHG) emissions from
electricity generation are approximately 40% of total emissions as most of that industry uses fossil fuels, particularly coal and
oil, hence area leading contributor to global energy-related CO2 emissions [4,5]. The impacts of climate change are now too
evident to be disputed. As the Stern Review points out [6], it would be too costly to tackle the challenge of climate change if
the world procrastinates in taking actions. Using renewable energy sources seems a promising option; however, there are
still some serious concerns about some renewable energy sources and their implementation, e.g. (i) capital cost and (ii) their
intermittent nature in power production [7–9].
Among the renewable energy sources, solar power generation undoubtedly offers the most promising and viable option
for electricity generation for the present and future. By using adequate equipment sun irradiation energy can be converted
into thermal and electrical energy. Depending on the temperature of the working fluid we can differ between the low-
temperature (To100 °C), middle-temperature (100 °CoTo400 °C) and high-temperature solar thermal energy conversionan open access article under the CC BY-NC-ND license
.
ousksou).
Nomenclature
c specific heat capacity (J kg1 K1)
f liquid fraction→g the acceleration of gravity vector (m s2)
LF melting heat (J kg
1)
Nu Nusselt number
p pressure (Pa)
S surface (m2)
T temperature (°C)
t time (s)→u vitesse vector ( m s1)
V control volume (m3)
x coordinate (m)
Greek symbols
τ¯¯ the viscous stress tensor
λ thermal conductivity (Wm1 K1)
Γ diffusion coefficient
μ dynamic viscosity (kg m1 s1)
ρ density (kg m3)
β the coefficient of volumetric thermal expan-
sion (K1)
Subscripts
i initial
m melting
nb neighboring
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140 129(400 °CoTo4000 °C). For low-temperature solar energy conversion one uses flat collectors with water and air, for middle
temperature conversion one uses vacuum collectors and collectors with concentrators, and for high-temperature conversion
one uses solar furnaces and concentrating solar power (CSP) plants [10,11].
In order for the renewable energy resources to become completely reliable as primary sources of energy, energy storage
is a crucial factor [12,13]. Essentially, energy from these renewable resources must be stored when an excess is produced
and then released.
The thermal energy storage (TES) can be defined as the temporary storage of thermal energy at high or low temperatures
[14–16]. TES systems have the potential of increasing the effective use of thermal energy equipment and of facilitating large-
scale switching. They are normally useful for correcting the mismatch between supply and demand energy [13,17–19].
Certainly, TES is of particular interest and significance in using this essential technique for solar thermal applications
such as heating, hot water, cooling, air- conditioning, etc., because of its intermittent nature [20–23]. In these applications, a
TES system must be able to retain the energy absorbed for at least a few days in order to supply the energy needed on
cloudy days when the energy input is low. One of the thermal energy storage system concepts takes advantage of the latent-
heat-of-fusion of phase change material (PCM) to store and recover thermal energy. A latent thermal storage system pos-
sesses three major components: (i) a heat storage system that undergoes a solid-to-liquid transformation within the desired
operating temperature range, (ii) containment of the storage substance, and (iii) a heat exchanging surface for transferring
heat from the source to the storage substance and from the latter to the heat load.
Solid-liquid phase change heat transfer relevant to latent heat-of-fusion energy storage systems has been a subject of
many theoretical and experimental studies [24–27]. In this paper, we investigate numerically the heat transfer during the
melting process of PCM around a multiple horizontal heat sources (see Fig. 1). This study is motivated by the need to gain
improved understanding of heat transfer during the charging phase of TES system which takes advantage of latent heat-of-
fusion of PCM. A relevant consideration in such systems is the effective utilization of the PCM by an optimum arrangement
of tubes through which the working fluid is circulated. Good heat transfer characteristics between the transport fluid and
the PCM for efficient thermal performance of a storage unit are also required [21,28]. Natural convection is also an important
process in problems involving melting [29–32], and it is the purpose of this paper to point out some of its characteristics.2. Mathematical formulation
The general assumptions considered in this work include transient formulation and two dimensional Newtonian in-
compressible fluid where the natural convection effects are considered. The thermophysical properties of the PCM are
assumed to be constant but may be different for the liquid and solid phases. The Boussinesq approximation is valid, i.e.,
liquid density variations arise only in the buoyancy source term, but are otherwise neglected.
Since the present formulation deals with solutions on unstructured grids, it is essential to represent the conservation
laws in their respective integral forms.
∫ → → = ( )u n dS. 0 1S
∫ ∫ ∫ ∫ ∫ρ ρ τ∂∂
→ + →→ → = − ∇→ + ¯¯ → +
→
( )t
u dV u u n dS p dV n dS A dV. . 2V S V S V U
Fig. 1. Cylindrical heat source arrangements used in tests.
Table 1
Cylindrical heat source arrangements used in tests: D¼0.02 m.
Arrangement Pitch, p Spacing, s
A1 3D D
A2 3D 1.5D
B1 3D D
B2 3D 1.5D
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where →u is the velocity vector, p the pressure and T the temperature. τ¯¯ is the viscous stress tensor for a Newtonian fluid:
( )( )τ μ¯¯ = ∇¯¯ + ∇¯¯ ( )u u 4T
Table 2
Physical properties of pure Gallium.
Density (liquid) 6093 kg m3
Reference temperature 29.78 °C
Volumetric thermal expansion coefficient
of liquid
1.2 104 K1
Thermal conductivity 32 Wm1 K1
Melting temperature (Tm) 29.78 °C
Latent heat of fusion 80,160 J kg1
Specific heat capacity 381.5 J kg1
Dynamic viscosity 1.81 103 kg m1 s1
Prandtl number 2.16 102
t=40s 
t=100s 
t=200s 
t=400s 
Fig. 2. Stream lines, temperatures contours and interfaces liquid-solid at various times for Tw¼311 K (Arrangement A1).
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140 131
TT
T
w = 311 K
w = 315 K
w = 320 K
Fig. 3. Interfaces liquid-solid for various wall temperatures at t¼100 s (Arrangement A1).
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140132The integration occurs over a control volume V surrounded by a surface S, which is oriented by an outward unit normal
vector →n . The source term in Eq. (2) contains two parts:
( )ρ β→ = − → + → ( )A T T g A u 5U m
where β is the coefficient of volumetric thermal expansion and→g the acceleration of gravity vector. The first part of the term
source represents the buoyancy forces due to the thermal dilatation. Tm is the melting temperature of the PCM. The last term
is added to account for the velocity switch-off required in the solid region. During the solution process of the momentum
field, the velocity at the computational cell located in the solid phase should be suppressed while the velocities in the liquid
phase remain unaffected. Also, as the solid region melts the mass in the corresponding computational cell should begin to
move. The present study adopts a Darcy-like momentum source term to simulate the velocity switch-off [33].
( )
ε
= −
−
+ ( )
A
C f
f
1
6
2
3
The constant Chas a large value to suppress the velocity at the cell becomes solid and ε is small number used to prevent
the division by zero when a cell is fully located in the solid region, namely =f 0. In this work, = ×C kg m s1 10 /15 3 and
ε = 0.001 are used.
Fig. 4. Stream lines, temperatures contours and interfaces liquid–solid at various times for Tw¼315 K (Arrangement B1).
Fig. 5. Nusselt number versus time (Arrangement A1).
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Fig. 6. Nusselt number versus time (Arrangement B1).
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The conservation Eq. (1)–(3), are solved by implementing them in an in house code. The present code [34,35] has a two
dimensional unstructured finite-volume framework that is applied to hybrid meshes. The variables values are stored in cell
centers in a collocated arrangement. All the conservation equations have the same general form. By taking into account the
shape of control volumes, the representative conservation equation to be discretized may be written as
⎡
⎣⎢
⎤
⎦⎥∫ ∫ ∫∑ρ ϕ ρ ϕ Γ
ϕ+ − ∂
∂
=
( )ϕ ϕ
d
dt
dV u
x
dS S dV
7V i S
i
i
i
Vj
Solidification and melting are generally transient phenomena, where the explicit schemes are too restrictive owing to
stability limitations. Hence implicit schemes are often preferred and the simplest choice is the first order Euler
scheme. The cell face values, appearing in the convective fluxes, were obtained by blending the upwind differencing
scheme (UDS) and the central difference scheme (CDS) using the differed correction approach [36,37]. The coupling of the
dependent variables was obtained on the basis of the iterative SIMPLE algorithm developed by Patankar and Spalding
[38,39].
Summation of the fluxes through all the faces of a given control volume (CV) results in an algebraic equation which links
the value of the dependent variable at the CV center with the neighboring values. The equation may also be written in a
conventional manner as
∑ϕ ϕ= +
( )ϕ
A A b
8
P P
nb
nb nb
The coefficients Anb contain contributions of the neighboring (nb) CVs, arising out of convection and diffusion fluxes as
defined by Eqs. (1)–(3). The central coefficientAP on the other hand, includes the contributions from all the neighbors and
the transient term. In some of the cases, where sources term linearization was applied, it also contained part of the source
terms. φb contains all the terms those are treated as known (source terms, differed corrections and part of the unsteady
term).
The evaluation of the source term in the energy equation has been made using the new source algorithm proposed by
Voller [40] where the new value of liquid fraction f at iterationn in cell P is calculated as follows:
( )Δρ= + − ( )
+f f
A t
L V
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This update is followed by an overshoot/undershoot correction:
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Fig. 7. Stream lines, temperatures contours and interfaces liquid-solid at t¼100 s for arrangement A (Tw¼315 K).
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procedure implemented in the IMLþþ library [41]. All of the computational meshes were generated using the open-source
software Gmsh [42].
The numerical procedure to study phase change processes were validated elsewhere and will not presented here [43]. It
has seen that the validation of the results obtained with this formulation and the code resulted in excellent agreement with
those of the literature [44].4. Results and discussions
Using the above-described model, simulations were carried out for melting of a PCM around three horizontal cylinder
arrangements. Two different arrangements (see Fig. 1) have been considered to examine the effects of natural convection
during the melting process on the heat transfer and the melting front shape. The pitch and the spacing used are given in
Table 1.
Galium is selected as PCM that its thermophysical properties are taken in Table 2. The solid PCM was subcooled at
=T K302S where the wall temperature of the inner cylinder is fixed at >T TW m. Numerical investigations were conducted
using 75,000 cells and the time step of 104 s was found to be sufficient to give accurate results.
((
(
A1)           
A1)           
A1)           
  (A2) 
  (A2) 
  (A2) 
Fig. 8. Stream lines, temperatures contours and interfaces liquid-solid at t¼200 s for arrangement A (Tw¼315 K).
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140136The influence of the melting process on the streamlines, temperature contours and the solid-liquid interface for various
times for arrangement (A1) is illustrated through the result illustrated in Fig. 2. Most of the melting occurs above and to the
sides of heat sources with very little below. At early times the liquid is confined between the rigid heated cylinder and a
concentric moving solid-liquid interface. Inspection of the plots reveals also that at early times the melt regions are similar
in shape and that when heat transfer to the gallium is predominantly by conduction the melt region is symmetrical about
the axis of the cylinder. After some time natural convection develops and intensifies, influencing the melt shape in general
and the melt region above the cylinders in particular. Natural convection in the melt supports the phase change process as
melting continues particularly above the heat source. However, as long as the individual melt regions have not merged to
form a common liquid region around the cylinders with a common solid-liquid interface, each melt region develops in-
dependently and is not influenced by the presence of other heat source. The strong upward thrust of the melting zone is
caused by natural convection. At early stages of natural convection a plume rises from the top of the heated cylinder an at
later times circulation conveys the hot liquid to the upper part of the melt zone and in this manner continues to support the
upward movement of the solid-liquid interface. As the heating continues and natural convection develops, the annular melt
zone becomes increasingly distorted. The increase in the wall temperature can provoke oscillation of the plume above the
cylinder (see Fig. 3). As the wall temperature of the cylinders increases the solid above the cylinder melts faster. After the
liquid regions around the cylinders form a common boundary, the natural convection about the lower cylinder 3 supports
melting in the region between and above cylinders 1 and 2. With increasing the wall temperature, the natural convection
(B1)    
    (B1)     
      (B1
   (B2) 
   (B2) 
      (B2) 
Fig. 9. Stream lines, temperatures contours and interfaces liquid-solid at t¼100 s for arrangement B (Tw¼315 K).
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140 137circulation in the liquid becomes more intense and influences the shape of the melt particularly in the region between and
above the upper two cylinders (see Fig. 3).
The plumes which rose from the top of the heated cylinders were unstable and affected the shape of the solid-liquid
interface. When the circulation was sufficiently intense, the plume above cylinder 3 was influenced by the circulation
between cylinders 1 and 2 and originated on the upper part of the cylinder. The plumes of cylinders 1 and 2 produced
nonuniform, jagged melting shapes above the upper of two cylinders.
The effect of the melting process on the streamlines, temperature contours and the solid-liquid interface for several
times for arrangement (B1) is presented in Fig. 4. The very important role played by natural convection in forming the melt
zones is evident from these plots. Most of the melting occurs above and the sides of the heat sources with very little below.
Inspection of the plots reveals that at early times the melt regions are still separated. The upward motion of the interface is
driven at early times by plume which rises from the top of heated cylinder, and at later times by circulation which conveys
the hot liquid to the upper part of the melt regions. It appears that the presence of natural convection reduces the melting
below the cylinders compared to that which would occur if heat transfer were by pure conduction.
The local Nusselt number at the hot wall is a good indicator of how convection affects overall conduction around the
three cylinders. Figs. 5 and 6 show the evolution of the local Nusselt number at the top part of the three cylinders for several
times and for the two arrangements A1 and B1. At early times when heat transfer by conduction predominates the local
Nusselt for both arrangements A1 and B1 is practically constant at the top part of the three cylinders. As melting continues
and natural convection develops, the Nusselt number becomes non uniform. The Nusselt number reaches a constant quasi-
(B1)    
(B1)    
(B1)    
   (B2) 
   (B2) 
   (B2) 
Fig. 10. Stream lines, temperatures contours and interfaces liquid-solid at t¼200 s for arrangement B (Tw¼315 K).
T. Kousksou et al. / Case Studies in Thermal Engineering 8 (2016) 128–140138steady value at large time even though the solid liquid interface continues to move as melting progresses. This suggests that
the processes which occur in the neighborhood of the interface do not contribute significantly to the overall thermal re-
sistance to heat transfer. The variation of the local Nusselt at the top part of the cylinder can also be used to detect the
oscillation of the plume in the top part of the cylinder which becomes important between 200 s and 300 s
For arrangements A1 and B1 a continuous solid-liquid interface has already been formed while for A2 and B2 the cy-
linders still have separate melt zones (see Figs. 7 and 9). This is due to closer spacing of heat sources for arrangements A1
and B1 (see Table 1). For arrangements A2 and B2 the melt zones extend into the vertical and for A1 and B1 into the
horizontal directions (see Figs. 8 and 10).
Fig. 11 illustrates the time evolution of the total liquid fraction (ratio of volume of melt to volume cavity) versus time for
the four arrangements (A1, A2, B1 and B2). From the liquid fraction versus time plot, one can get both the rate melting (slope
of the tangent line at a given time) and the average melting rate (ratio of current liquid fraction and time). As can be seen,
arrangements A1 and B1 proved to be more effective in melting the PCM than arrangements A2 and B2. This is due to closer
spacing of heat sources for arrangements A1 and B1. We can also note that arrangement B1 is more effective than ar-
rangement A1. This is due to the more intense natural convection circulation in the melt for arrangement B1.
Fig. 11. Liquid fraction versus time for different arrangements.
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Melting of PCM from multiple cylindrical heat sources has been studied numerically. It is found that after a common
solid-liquid interface is formed around the cylinders, natural convection circulation around each cylinder interacts with the
other cylinders to influence the melt shape. In addition to natural convection, the heat source arrangement is an important
factor in determining the melt shape. For an effective utilization of a PCM in TES system the effect of natural convection and
of cylinder arrangement are important and have to be accounted for in the design of such systems.References
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